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We report on the Bose-Einstein condensation of metastable Helium-4 atoms using a hybrid ap¬ 
proach, consisting of a magnetic quadrupole and a crossed optical dipole trap. In our setup we 
cross the phase transition with 2 x 10® atoms, and we obtain pure condensates of 5 x 10® atoms in 
the optical trap. This novel approach to cooling Helium-4 provides enhanced cycle stability, large 
optical access to the atoms and results in production of a condensate every 6 seconds - a factor 3 
faster than the state-of-the-art. This speed-up will dramatically reduce the data acquisition time 
needed for the measurement of many particle correlations, made possible by the ability of metastable 
Helium to be detected individually. 

PACS numbers: 37.10.De, 32.80.Pj, 37.10.Gh, 05.30.Jp 


In the study of many physical phenomena, one often 
seeks to make highly accurate measurements or search for 
rare events. In these situations convincing evidence can 
only be obtained by acquiring a large amount of data to 
increase the statistical significance of the results. Multi¬ 
particle correlations are a good example of such measure¬ 
ments and are often used in both particle physics [1] and 
quantum optics [2,3]. Thus efforts to increase data acqui¬ 
sition rates often constitute a significant preoccupation 
for experimentalists. 

In the field of ultracold gases recent advances in imag¬ 
ing techniques have permitted the detection of individual 
atoms and the measurement of their correlations [4-11]. 
Because of the electronic detection techniques enabled 
by the use of metastable Helium He*, significant contri¬ 
butions to this field have been made using this species 
[12-15]. However these experiments are often limited by 
the stability of the apparatus over long data runs. 

For many atomic species, the stability and cycle time 
have been dramatically improved by all-optical cooling 
[16, 17] or by magnetic-optical hybrid traps [18]. Such 
techniques have yet to be realized in He*, in part because 
of significant challenges posed by the unusual character¬ 
istics of this atom. In unpolarized He*, the density is 
severely limited by Penning collisions [19-22] prevent¬ 
ing the use of all-optical cooling techniques without spin 
polarization. Hybrid traps use magnetic quadrupoles in 
which one must minimize losses due to Majorana spin 
flips. Since the Majorana loss rate, at a given tempera¬ 
ture, varies inversely with the particle mass [23], He* is 
particularly unfavorable for this approach as well. Nev¬ 
ertheless the potential gain offered by these novel ap¬ 
proaches is sufficiently great that it is worth some effort 
to try to circumvent these difficulties. 

Here we report the implementation of a hybrid ap¬ 
proach to Bose-Einstein condensation (BEC) of Helium 
in the metastable state /‘He*), permitting fast and ro¬ 
bust production of condensates with 5 x 10® atoms every 6 
seconds. We demonstrate that the usage of a quadrupole 
magnetic trap (QMT) in place of the Ioffe or cloverleaf 
configurations used in other ^He* experiments [24-29] of¬ 
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FIG. 1. (Color online). Atom number N (red circles) and 
phase space density P (blue squares) through the experimen¬ 
tal cycle. The scheme is divided in stages: (I) Magneto-optical 
trap loading and compression, (II) Doppler and gray molasses 
cooling, (III) compression and radio-frequency evaporation in 
a quadrupole magnetic trap (QMT), (IV) transfer from the 
QMT to the optical dipole trap (ODT), and (V) forced evap¬ 
oration in the ODT to Bose-Einstein condensation. 


fers technical simplicity, enhanced stability and shorter 
cycle time - a factor 3 speed-up over the state-of-the- 
art. Starting from a magneto-optical trap, our experi¬ 
mental cycle consists of laser cooling in optical molasses 
(Doppler and gray molasses), compression and radio¬ 
frequency evaporation in a QMT, transfer into a crossed 
optical dipole trap (ODT) by opening the QMT, and 
final forced evaporation to BEC. The cloud properties 
throughout the cooling cycle are summarized in Table I, 
and the atom number N and phase-space density V are 
plotted in Fig. 1. As it can be seen from Table I, each 
step of the cycle gives a substantial contribution to the 
fast production of BECs. 

Magneto-Optical Trapping and Laser Cooling. The 
first stage has already been described in detail in [30]. 
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Experimental steps 

N 


T [pK] 

Po [cm 

-^] 

V 



Magneto-Optical Trap 

8.7(2) 

X 

10® 

1200(100) 

2.5(1) 

X 

10® 

4.0(4) 

X 

10- 

-8 

Red Molasses 

8.2(1) 

X 

10® 

120(11) 

1.1(1) 

X 

10‘° 

5.5(6) 

X 

10’ 

-6 

Gray Molasses 

7.5(2) 

X 

10® 

20(3) 

1.1(1) 

X 

10‘° 

7.8(7) 

X 

10’ 

-5 

Quadrupole Trap loading 

6.4(2) 

X 

10® 

38(3) 

2.0(2) 

X 

10‘® 

5.5(2) 

X 

10- 

-5 

Quadrupole Trap compression 

6.1(1) 

X 

10® 

230(15) 

1.0(1) 

X 

10“ 

2.0(3) 

X 

10’ 

-5 

Radio-frequency evaporation 

6.0(1) 

X 

10" 

70(6) 

3.3(6) 

X 

10“ 

3.7(7) 

X 

10- 

-4 

Optical Dipole Trap loading 

5.0(2) 

X 

10® 

27(2) 

5.1(2) 

X 

10“ 

2.4(3) 

X 

10- 

-1 


TABLE I. Measured cloud parameters following each phase of the cooling cycle. We present the atom number N, temperature 
T, peak density po and phase space density V. 


Briefly, a six-beam MOT of "‘He* atoms is loaded from a 
dc-discharge plasma source, followed by transverse (mo¬ 
lasses) and longitudinal (Zeeman slower) cooling. The 
MOT is composed of a quadrupole magnetic field with 
gradient B' = 25 G/cm (strong-axis) and light red- 
detuned by A = —3ir (r/ 27 r = 1.6 MHz) from the 
23Si ^ 23P2 resonance and at a high intensity of 50 
Isat per beam (Igat = 0.16 mW/cm^). This configuration 
provides a large capture velocity while keeping the cloud 
density low so to reduce losses due to light-assisted Pen¬ 
ning collisions [19-21]. MOTs with A ~ 9 x 10® atoms 
at a temperature of T = 1.2 mK are loaded in 1 second 
[31]. The MOT is then compressed by ramping the de¬ 
tuning A from — 3ir to — 2r in 20 ms. At the same time, 
the light intensity is reduced from 50 Igat to 0.33 Igat to 
reduce the rate of light-induced Penning collisions. At 
the end of this phase, we have increased the density by 
a factor ~ 9 while loosing only a small fraction of atoms 
(10 %). 

After the compression we further cool the cloud in op¬ 
tical molasses. We first use a red molasses (RM) to cap¬ 
ture the atoms from the MOT and then load them into 
a gray molasses (GM) to reach low temperatures. Al¬ 
though it is possible to cool "‘He* on the 2®Si —2®P2 
transition to the Doppler limit {To = /iP jTko = 38 ^K) 
[30], we cool only to 120 fj.K in 5 ms, a value that is 
sufficiently low to load a blue-detuned gray molasses on 
the 2®Si —>■ 2®Pi transition. Three-dimensional cool¬ 
ing of Helium gases with blue-detuned molasses has been 
demonstrated in the past [32]. While sub-Recoil cooling 
was achieved, only a small fraction of 10'^ atoms were 
brought to these ultra-low temperatures. Here the pa¬ 
rameters we choose (laser detuning A' = -t-lOT and in¬ 
tensity of 20 Isat) allow us to capture nearly all the atoms 
from the RM and cool N = 7.5 x 10® atoms to a tem¬ 
perature of T = 20 fiK in 5 ms. At this stage the low 
atomic density po — 1.1 x 10‘® cm“®, limited by light- 
induced Penning collisions in the MOT, prevents us from 
efficiently loading an optical dipole trap. On the other 
hand, a spin-polarized Helium gas in the absence of near¬ 
resonant light has a significantly smaller cross-section for 
collision [33]. Thus we load the atoms into a magnetic 
trap where the atomic density can be increased in order 
to facilitate efficient transfer into the optical trap. 


QMT loading and compression. We first optically 
pump a large fraction of the atoms (~ 85%) to the J = 1 
mj = 1 state. The gas is then captured by abruptly 
turning on a magnetic field gradient of B' = 4.5 G/cm. 
The magnetic field is produced by the pair of coils in 
anti-Helmholtz coils used for the MOT. Next we adia- 
batically ramp up the held to B' = 45 G/cm over 500 
ms in order to increase the density and thus the elastic 
collision rate. At this point there are N = 6 x 10® atoms 
in the compressed cloud at a temperature of T = 230 /iK, 
corresponding to a phase space density of I? = 2.0 x 10“®. 

A well known issue with the QMT is the existence of 
a magnetic field zero at the center of the trap, which can 
lead to Majorana spin-flips to an un-trapped magnetic 
sub-state [23]. At a given temperature the rate of spin- 
flips scales inversely with the particle mass and thus is 
particularly strong for Helium. The effects of Majorana 
spin-flips are two-fold: firstly they result in loss of atoms, 
as atoms escape from the mj = 1 trapped state to the un¬ 
trapped states {mj = 0 and mj = —1). The Majorana 
loss rate is [34, 35] 


r 


m 




( 1 ) 


where ks is the Boltzmann constant, B' the magnetic 
gradient along the coil axis, p, = 2pB the magnetic mo¬ 
ment, pb the Bohr magneton, Ti Planck’s constant, m the 
particle mass and x ^ dimensionless geometrical factor. 
Secondly, this loss results in a heating of the cloud, as it 
is typically the coldest atoms, that stay around the field 
zero, that are lost. This change in temperature results in 
a non-exponential decay of the atom number N (see the 
inset of Fig. 2). The temperature evolution is expected 
to follow a simple law [36] 


with 


T{t) = 


'Im — 


8 h 
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9 m 



where Tq is the initial temperature at t = 0. 
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FIG. 2. Time evolution of the square of the cloud temperature 
T in a QMT with fixed B' = 45 G/cm and for varying initial 
temperatures To = 202,165,123 and 70 /rK (dots). Lines are 
fits according to Eq. 2 from which we extract a geometrical 
factor X = 0.17(2). Inset: Evolution of the atom number in 
the QMT for the data set with To = 70 /iK. 


We monitor the cloud temperature as a function of 
time in a fixed magnetic trap and for different initial 
temperatures Tq. Our measurements, shown on Fig 2, 
are in excellent agreement with this prediction, with a 
fitted geometrical factor % = 0.17(2). This value agrees 
well with that reported for other species [34, 36]. 

The measurement of the heating and atom loss rates 
allows us to tailor our compression and cooling cycle to 
minimize these negative effects. To this end, we compress 
the magnetic trap to a final gradient of only 45 G/cm. 
Even at this relatively weak gradient the density is in¬ 
creased by a factor 30 (see Table I) and the initial elastic 
collision rate of 170 s“^ (the vacuum lifetime is 50 sec) 
is high enough to perform forced evaporation [37]. 

Radio-frequency evaporation in the QMT. Cooling in 
the QMT is performed by forced radio-frequency (RF) 
evaporation. The RF signal is generated by a National 
Instruments PXI-5406A arbitrary function generator and 
amplified to 50 W by a Prana DP 140 RF amplifier. The 
field is generated by an RF coil outside the vacuum cham¬ 
ber, positioned 6 cm from the atoms. An RF field of 
frequency n imposes a trap depth which is characterized 
by the cutting parameter rj = hv/ksT [38]. Our ramp 
begins with a constant frequency of 34 MHz for 1 second 
followed by a linear sweep of the frequency from 34 MHz 
to 8 MHz during 2.25 seconds. The RF cooling is sum¬ 
marized in stage III of Figure 1 where the vertical dashed 
line marks the beginning of the RF evaporation. During 
this stage, the peak collision rate increases from 170 s“^ 
to 360 s“^, while the Majorana loss rate F^ increases 
from 8.6 x 10“^ s“^ to 1.0 x 10“^ s“^. The final cloud 
has N = 6 X 10^ atoms at a temperature of T = 70 /rK, 
with a peak atomic density po = 3.3 x 10^^ cm“^ below 
the densities at which inelastic 2-body and 3-body loss 


become important [25-27, 39]. Having gained more than 
one order of magnitude in the density po, we begin the 
transfer into the optical trap. 

Transfer to the optical dipole trap and Bose-Einstein 
condensation. The optical dipole trap is made of two 
gaussian-shaped beams at 1550 nm (fiber laser source 
IPG ELR-30-1550-LP). The first beam has a power of 18 

W, focused down to a waist of 133 pm. The second beam 
contains 8 W focused to a waist of 63 pm, and crosses the 
first beam at an angle of 40° in the horizontal plane. The 
resulting trap is roughly cylindrical with trap frequencies 
of 3.1 kHz radially and 624 Hz axially, and a trap depth of 
Go = fcsx 244 pK. The trap center is displaced roughly 
one beam waist below the quadrupole center to avoid 
accumulating atoms at the magnetic field-zero. 

The transfer from the QMT to the ODT is performed 
by ramping down the field gradient to 3 G/cm over 600 
ms in the presence of the ODT (stage IV in Fig. 1), before 
abruptly switching it off. A small bias field maintains the 
spin-polarization of the atoms in the ODT. Due to the 
overlap of magnetically trapped and optically trapped 
atoms during this stage, images of the atom clouds are 
difficult to interpret quantitatively, hence it is only the 
start and end points which are reported in Fig. 1. We es¬ 
timate there are up to 1.5 x 10^ atoms at a peak density of 
Pq ~ 10^'* atoms/cm^ initially in the crossed ODT. The 
atom number proceeds to decay rapidly due to a mixture 
of evaporative cooling and 3-body loss [25-27]. After 20 
ms the atom cloud equilibrates with N = 5 x 10® atoms 
at a temperature of T = 25 pK and a phase space den¬ 
sity of I? = 0.2. Despite retaining only 10% of the atoms 
from the QMT, we observe a gain in phase space den¬ 
sity of 3 orders of magnitude, similar to that reported in 
other hybrid trap setups [18]. This increase comes from 
a combination of a dimple effect (resulting in a dramatic 
increase in the atomic density) and subsequent evapo¬ 
ration in the crossed ODT. Interestingly the final atom 
number loaded in the ODT does not strongly depend on 
the efficiency of the previous RF evaporation. Indeed the 
ODT atom number is similar for the 3.25 second RF ramp 
(overall efhciency of 7 = —dlogV/dlogN = 1.39) as for 
a longer and more efficient 6.5 second ramp (7 = 1.62). 

The final cooling stage is performed by ramping down 
the ODT powers over 500 ms from 18 and 8 W to 1 and 
0.3 W, in beams 1 and 2 respectively. This evaporation 
is performed in the presence of a weak magnetic field 
gradient (G[jj,. = 0.6 G/cm) along the QMT coil axis 

X. Note that the resulting potential Utut = is 

weak relative to the crossed-optical potential {Uq = ks x 
244 pK initially), and thus does not serve as a means to 
change the trap depth as in other commonly used optical 
trap evaporation schemes [41]. Rather, the function of 
the tilting field is to remove the high-energy atoms which 
have been evaporated from the crossed-optical trap but 
remain in the individual optical trap beams (see Fig. 3). 

We observe that the evaporation efficiency rises from 
7 = 0.5 in absence of tilt, to a maximum of 7 = 2.3 
with a gradient of = 0.46 G/cm. Above B[.^^ = 0.6 
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FIG. 3. (Color online) (a) ODT potential along the second 
beam axis and for tilting fields = 0,0.4 and 0.6 G/cm 
(blue, purple, red), (b) ODT evaporation efficiency 7 as a 
function of tilting field The solid line is a guide for the 

eye. 

G/cm, the gradient begins to modify the ODT potential 
towards the end of the ramp and we observe a decrease 
in evaporation efficiency. We note that the necessity of 
a gradient potential for ODT evaporation is particular 
to light atoms such as Helium, where the influence of 
gravity is feeble. In heavier atoms such as ®^Rb, a slight 
tilt in the optical beams of a few degrees with respect to 
gravity is often sufficient to remove these atoms. 

With our favorable initial conditions after the trans¬ 
fer in the ODT (TV = 5 x 10®, V = 0.2 and an elastic 
collision rate of 3 x 10® s“®), we reach the transition for 
Bose-Einstein condensation with N = 2 x 10® atoms at 
a temperature of T = 4 p,K. Figure 4 presents the mea¬ 
sured condensate fraction as a function of temperature, 
normalized by the transition temperature T® of an ideal 
gas in a harmonic trap [42] . The condensate fraction and 
thermal gas temperature are estimated from a bi-modal 
fit of absorption images taken after time-of-flight. Finally 
we observe condensates of up to iV = 5 x 10® atoms with 
no discernible thermal fraction. 

In conclusion, we have demonstrated a new approach 
to Bose-Einstein condensation of metastable Helium us¬ 
ing a hybrid trap. The use of a magnetic quadrupole 
trap provides a means to reach high atomic densities al¬ 
lowing for efficient transfer into a crossed optical dipole 
trap, where fast and efficient forced evaporative cool¬ 
ing is performed. Several benefits result from this ap¬ 
proach: (i) the 6 second ramp preparation time is a fac¬ 
tor 3 shorter than the state-of-the-art, and will facilitate 
rapid measurements of correlation, permitted permitted 


by the ability of metastable Helium to be detected in¬ 
dividually; (ii) the usage of a dipole trap for the evap¬ 
oration to BEG in place of the Ioffe and cloverleaf trap 
configurations enhances the stability of the experimen¬ 
tal cycle; (hi) the simplicity of the coil design (two coils 
in anti-Helmoltz configuration) provides a large optical 
access and thus an excellent numerical aperture to the 
atoms (N.A.=0.50). This paves the way to the investi¬ 
gation of many-particle correlations with metastable He¬ 
lium atoms in experimental configurations of interest, for 
instance, engineered with optical potentials [43]. 



FIG. 4. (Color online). Condensate fraction across the BEG 
transition as a function of temperature. The experimental 
data (red points) is compared to the theory for an ideal Bose 
gas (dashed black line) and to the theory including mean- 
field interaction in the BEG component (solid black line) [42]. 
Data is plotted only for T/T® > 0.6 as fitting bi-modal dis¬ 
tributions becomes unreliable at low temperatures. Inset: ID 
Density profiles of the gas taken after time-of-flight and at 
various temperatures across the BEG transition. 
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